Abstract: A product state |A1>|B1> of a composite quantum system AB is customarily interpreted physically to mean "subsystem A has property |A1> and subsystem B has property |B1>." But this interpretation contradicts both the theory and observed outcomes of non-local interferometry experiments on the momentumentangled state (|A1>|B1> + |A2>|B2>)/√2 of two photons. These experiments demonstrate that product states must be interpreted physically as correlations, i.e. |A1>|B1> means "A has property |A1> if and only if B has property |B1>." This clarification resolves the problem of definite outcomes and, with it, the measurement problem.
INTRODUCTION
As is known, 1 2 an idealized minimal-disturbance measurement of a quantum system A in a superposition state
|A> = (|A1> + |A2>)/√2
(1)
entangles A and its detector B in the state
|AB> = (|A1>|B1> + |A2>|B2>)/√2
where |B1> and |B2> are the detector states corresponding to |A1> and |A2>. A product state |A1>|B1> of a composite quantum system AB is customarily interpreted physically to mean "A has property |A1> and B has property |B1>." Thus analysts and textbooks have for decades regarded (2) as a macroscopic superposition in which the detector exhibits two macroscopic outcomes |B1> and |B2>. This is not a definite outcome, and it's paradoxical. 3 4 5 6 7 8 9 10 11 12 13 This paper shows we have gotten the physical interpretation of product states wrong. Both quantum experiments and standard quantum theory demonstrate that (2) is not a superposition of paired properties of A and B, but instead merely a superposition of correlations between paired properties of A and B. The correct interpretation of |A1>|B1> is "A has property |A1> if and only if B has property |B1>," briefly "|A1> if and only if |B1>." Thus (2) means "|A1> if and only if |B1>, and |A2> if and only if |B2>." This is non-paradoxical, and definite.
A similar analysis of entanglement was published previously. 14 The present analysis extends the previous paper by resolving the entire measurement problem rather than only the "problem of definite outcomes" described above, and refines the previous paper by tracing the resolution of the problem of definite outcomes back to the above-mentioned misinterpretation of product states.
PRODUCT STATES AND ENTANGLEMENT
If we want to learn precisely what is superposed in the "measurement state" (2), it's not sufficient to simply analyze measurements because measurements require A and B to be perfectly correlated, implying the phase angle between the superposed terms is fixed at zero. To analyze a superposition, we must vary its phase. Thus, we turn to microscopic superpositions.
The interferometer experiment of Fig. 1 exemplifies the superposition (1). One photon enters a beam splitter BS1 and reflects along path 1 while transmitting along path 2. Mirrors M reunite the beams, phase shifters f1 and f2 vary the two path lengths, a second beam splitter BS2 mixes the beams at the intersection, and the photon is detected at B1/B2. Over many trials, outcome probabilities vary smoothly from 100% B1 to 100% B2 as the phase difference f2-f1 varies from 0 to π. Since interference occurs regardless of which phase shifter varies, the single photon must be on both paths. A similar interferometer experiment, using two entangled photons to study the state (2), was performed in 1990 by two independent groups, Rarity and Tapster   15 and Ou, Zou, Wang, and Mandel. 16 Figure 2 diagrams these "RTO" experiments. In the source, parametric down-conversion creates pairs of photons A and B in the pure state (2) . The grey and black wave patterns represent the two entangled photons. A moves along two paths to detectors A1/A2 while B moves along two other paths to detectors B1/B2. The experiment amounts to two back-to-back interferometer experiments ( Fig. 1) with entangled photons and BS1 located inside the source. It's fruitful to regard the composite system as a single "atom of light" superposed along two 'bi-photon paths": the solid path linking A1 and B1 and the dashed path linking A2 and B2. Phase shifters can vary the phase difference between these two paths. Each photon encounters a beam splitter that combines its two beams before detection.
The experiment can be regarded as a study of the measurement state (2), with microscopic subsystems and variable phase. Each photon "measures" the other. The entanglement changes everything. Both detectors register phaseindependent 50-50 mixtures. Unlike the photon of Fig. 1 , neither photon interferes with itself despite being mixed by beam splitters before detection. Entanglement has "decohered" both photons. 17 This and further wonders are predicted by a standard optical-path-length analysis. 18 The experiment has four possible single-trial outcomes: two "correlated" outcomes (A1,B1) and (A2,B2), and two "anti-correlated" outcomes (A1,B2) and (A2,B1). The optical-path analysis predicts the following probabilities:
The overall degree of correlation, defined as P(correlated) -P(anticorrelated), is simply cos(fB-fA) (Fig. 3) , which the experiment confirms. Figure 3 demonstrates that entanglement shifts coherence to the composite system. For example, at zero phase angle the correlation is perfect, meaning each photon "knows" the other photon's outcome and "chooses" the corresponding outcome despite the beam splitters. This is clearly non-local. 19 Entanglement causes the bi-photon to coherently interfere with itself across an arbitrary distance. Table 1 compares outcomes of the simple superposition ( Fig. 1 ) and the entangled superposition (Fig. 2) at five phase angles. As mentioned, the variation with phase demonstrates the single photon ( Fig. 1 ) to be on both paths. But for the entangled superposition, Table 1 shows no such evidence. In fact, invariance of each photon's local state (50-50 mixtures) to changes in fA and fB seems to imply each photon is on only one path because if either photon were on both paths we should see phase-dependent interference. We'll discuss this further below.
The conventional physical interpretation of product states entails that the entangled state (2) means "A and B have properties |A1> and |B1> respectively and they also have properties |A2> and |B2> respectively." But this description contradicts the RTO experiment and its quantum-theoretical analysis. Column 4 certainly provides no evidence that either photon has both its properties simultaneously. The correlations between A's and B's properties, on the other hand, do vary with phase (column 5), showing (2) to be a superposition only of correlations between the properties of A and B. This is reaffirmed by the shift of coherence from the subsystems to the composite system, as described above. The entanglement coherently superposes the correlation between |A1> and |B1> with the correlation between |A2> and |B2>. At zero phase, for example, |A1> is perfectly correlated with |B1> AND |A2> is perfectly correlated with |B2>, where the word "AND" indicates the superposition.
Thus the RTO theory and results demonstrate that a product state |A1>|B1> should be physically interpreted as "|A1> if and only if |B1>," not as "|A1> and |B1>." With this interpretation, (2) has the meaning "|A1> if and only if |B1>, and |A2> if and only if |B2>." This is non-paradoxical even if one subsystem is macroscopic. In fact, (2) is non-paradoxical even if both subsystems are macroscopic, as has been demonstrated by experiment. 20 This resolves the problem of definite outcomes. Table 1 . Comparison between a simple superposition ( Fig. 1) and an entangled superposition (Fig.  2) . In Fig. 1 , the single photon's measured state varies with phase. In Fig. 2 
DECOHERENCE AND MEASUREMENT
This resolution does not entirely solve the measurement problem because a measurement must provide a single irreversible outcome, while (2) is reversible. To consider this, let's return to the experiment of Fig. 1 but with BS2 now removed so that B1/B2 becomes a which-path detector. After passing through BS1, the photon is in the superposition (1). Approaching the detector, the photon couples with B1/B2 in a unitary von Neumann measurement process 21 that converts the superposition (1) into the non-paradoxical (as we now know) pure entangled state (2) .
The collapse due to measurement occurs at the instant of entanglement, when correlations form and coherence jumps from the measured system to the composite system. While the composite system evolves unitarily into state (2), the "local description" of A (the description according to an observer of the photon alone) jumps to the reduced state In agreement with RTO, these are phase-independent local mixtures, not pure states.
Despite their agreement with RTO's results and theoretical analysis, there are two long-standing arguments against concluding that the subsystems really are in these mixtures. First, these mixtures are said to be "ambiguous" because they are simply the local identity operator divided by 2 and would thus take the same form in every basis. 22 But they entail no real physical ambiguity because the detector, a specific object designed to detect |A1> and |A2>, defines the basis. As a second argument for the same conclusion, no real beam splitter is precisely 50-50, so there is no degeneracy and no basis ambiguity.
Second, it's argued that, if both subsystems are really in the mixtures (3) and (4), we are led to the following contradiction: 23 24 The mixture (3) is generally interpreted to mean A is actually in either \A1> or |A2> (not both) but the observer doesn't know which. But if we assume this, then B would necessarily also be in the corresponding state, entailing that AB is in a mixture of being either in state \A1>|B1> or \A2>|B2>. This contradicts (2), which is not a mixture but a pure state.
But this argument applies just as surely to RTO as it does to measurement: Table 1 column 4 seems to imply that both photons are on just one of their "local" paths from source to detector, because if either photon was on both its paths we should see interference as that photon's phase angle varies, which we don't. Yet if we assume the photons really are on just one of their local paths, we get the above contradiction. Thus the question of the status of the subsystems is an issue for all entangled states, not just the measurement state. What explains column 4?
The answer is that decoherence deprives each photon of its phase, rendering it incapable of interfering with itself. Consider, for example, alteration of fA in Fig.  2 . This alteration shows up in Table 1 only in the non-local phase angle fB-fA, not in the state of A. Thus both subsystems are on both of their two "local paths," but these paths cannot interfere because the subsystems have no individual phases.
Summarizing: There are two kind of non-interfering mixtures. An "epistemic" mixture arises from ignorance: the quantum system is in one or the other state but the observer doesn't know which. An "ontological" mixture arises from reduction from an entangled state: the system doesn't interfere with itself because it has lost its phase due to the entanglement.
Returning to the measurement analysis ( Fig. 1 without BS2 ): When the photon interacts with the detector, the nonlocal properties of the entangled state (2) ensure that the interaction occurs in just one of the two branches of both subsystems, and that the two branches are properly correlated. In the detector, the interaction excites a single electron that in turn triggers a many-electron avalanche.
Detection involves amplification of the many-body avalanche, a process that cannot be reversed in practice because each trial is complex and unique. Such processes can be described only statistically and are what the second law of thermodynamics is all about. Although each microscopic detail of this process is unitary and reversible, any description must become irreversible for all practical purposes (FAPP) 25 Reconciling the second law with reversible microscopic motion has been a problem for both classical and quantum systems since Boltzmann's day. 26 In other words, at this point the task of explaining how a single macroscopic outcome occurs is finished.
CONCLUSION
It's written all over the RTO experiment that subsystems of an entangled composite system are not themselves superposed and that entanglement decoheres the subsystems while shifting coherence to the composite system. Thus the entangled "measurement state" does not entail superpositions of its subsystems and is not paradoxical, resolving the problem of definite outcomes. The resolution of the measurement problem, including irreversibility, follows.
The measured system collapses upon its entanglement with the measuring device, when the system jumps from a superposition to a decohered ontological mixture of definite outcomes while the measurement apparatus jumps to a similar mixture. The nonlocal properties of entanglement ensure a single outcome occurs while the other outcomes don't. The many-body nature of the macroscopic recording process then ensures irreversibility.
This resolution of the measurement problem has been "hiding in plain sight" for decades. Misinterpretation of product states has been a primary roadblock that probably had to await entanglement experiments for clarification. For a composite system with subsystems A and B, standard quantum physics has assumed that a product state |A1>|B1> means "A has property |A1> and B has property |B1>." Nonlocal interferometry experiments disprove this interpretation. Instead, the product state means "A has property |A1> if and only if B has property |B1>." The entangled state (2) is then a non-paradoxical superposition of two subsystem correlations. This resolves the problem of definite outcomes. Examination of a typical measurement, and further examination of non-locality experiments, then show that entanglement decoheres a superposed quantum system, converting it to an ontological mixture of definite outcomes. The non-local properties of entanglement guarantee that one and only one outcome is realized while other outcomes are simultaneously not realized. The realized outcome is then irreversibly recorded.
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